We report the molecular cloning and sequence of the cDNA coding for the biotin-containing subunit of the chloroplastic acetylcoenzyme A (COA) carboxylase (ACCase) of Arabidopsis tbaliana (CAC7). l h e 3' end of the CAC7 sequence, coding for a peptide of 94 
biotin to acetyl-COA. The second form, a nondissociable homomeric ACCase with a biotin-containing subunit of between 220 and 260 kD, is present in the cytoplasm of eukaryotic organisms, including yeasts (Walid et al., 1992; Hasslacher et al., 1993) , animals (Lopez-Casillas et al., 1988; Takai et al., 1988) , Cyclotella (Roessler and Ohlrogge, 1993) , and plants (Gornicki et al., 1994; Roesler et al., 1994; Schulte et al., 1994; Shorrosh et al., 1994; Yanai et al., 1995) . This single subunit contains domains corresponding in sequence to the biotin carboxylase, BCC, and carboxyltransferase components of the E . coli ACCase. The third form of ACCase has been identified in the bacterium Streptomyces aeruginosa (Hunaiti and Kolattukudy, 1982) and in the nematode Tubatrix meti (Meyer et al., 1978) . This ACCase is nondissociable and is composed of two types of subunits, one of which contains biotin. The organization of this enzyme is probably analogous to that of two other biotincontaining enzymes, propionyl-COA carboxylase (Lamhonwah et al., 1986 ) and methylcrotonyl-COA carboxylase (Song et al., 1994; Wang et al., 1994) . In these enzymes, the biotin-containing subunit has the biotin carboxylase and BCC domains, whereas the nonbiotinylated subunit contains the carboxyltransferase domain.
Most organisms utilize malonyl-COA solely for fatty acid biosynthesis, which occurs in the cytosol of funga1 and animal cells (Vagelos, 1971; Lane et al., 1974; Wakil et al., 1983) . In contrast, plants utilize malonyl-COA not only for fatty acid biosynthesis but also for the synthesis of a variety of polyketides and derivatives (flavonoids, stilbenoids, anthroquinones, etc.) and for the malonylation of a number of phytochemicals (Conn, 1981; Nikolau et al., 1984) . Furthermore, in plants it is these latter reactions that occur in the cytosol (Conn, 1981) , whereas de novo fatty acid biosynthesis is compartmentalized in the plastids (Ohlrogge et al., 1979) . These factors led to the hypothesis that at least two isozymes of ACCase are present in plants, one in the cytosol and one in the plastids, providing plant cells with the ability to generate malonyl-COA independently in each of these subcellular compartments (Pollard and Stumpf, 1980; Nikolau et al., 1984 Nikolau et al., , 1993 . Recently, a dissociable, heteromeric ACCase was identified in isolated chloroplasts of pea leaves (Sasaki et al., 1993; Alban et al., 1994; Konishi and Sasaki, 1994) . Although the quaternary structure of this ACCase is not yet fully understood, it appears to be composed of at least two subunits, a chloroplast-encoded protein similar in sequence to the accD gene of E. coli (Li and Cronan, 1992c ) and a biotin-containing subunit of about 37 kD. In this paper we report the isolation and characterization of a full-length cDNA coding for the biotin-containing subunit of the heteromeric, chloroplastic ACCase (CACI) of Arabidopsis tkaliana.
MATERIALS AND METHODS

Materials
Seeds of Arabidopsis tkaliana (L.) Heynh., ecotype Columbia, were germinated in sterile soil, and plants were grown in a growth room maintained at 25"C, with a 15-h photoperiod. A cDNA library in the vector AgtlO, prepared from poly(A) RNA isolated from developing siliques of Arabidopsis, was a gift from Dr. David W. Meinke (Oklahoma State University, Stillwater). The cDNA clone VCVDEll (Newman et al., 1994) was obtained from the Arabidopsis Biological Resource Center (Ohio State University, Columbus). pGEX-4T-3 was obtained from Pharmacia.
lsolation and Characterization of Macromolecules
Nucleic acids were isolated, analyzed, and manipulated with modifying enzymes by standard techniques (Sambrook et al., 1989) . DNA sequencing was done on doublestranded DNA templates using an ABI 373A DNA sequencer (Applied Biosystems). Both strands of a11 DNA fragments were each sequenced at least three times. Induction of the expression of the pGEX-4T-3-derived plasmids with isopropylthio-P-galactoside and agarose-GSH affinity purification of the fusion protein were as described by the manufacturer.
Protein extracts were prepared from Arabidopsis leaves and passed through a Sephadex G-25 column to remove low-molecular-weight compounds as previously described (Nikolau et al., 1984) . Activities of biotin-containing enzymes were determined to be the substrate-dependent conversion of radioactivity from NaH14C0, into an acid-stable product (Wurtele and Nikolau, 1990) .
lmmunological Methods
Antiserum was generated by immunizing a rabbit with purified protein emulsified with Freund's complete adjuvant. Emulsion containing approximately 300 pg of protein was injected intradermally at multiple sites on the back of a New Zealand White female rabbit. A month after the initial immunization, and at 2-week intervals thereafter, the rabbit was challenged with muscular injections of 150 to 200 p g of protein emulsified in Freund's incomplete adjuvant. One week after each injection, 2 to 3 mL of blood were withdrawn from the ear of each rabbit. The blood was allowed to coagulate, and the serum was collected.
Immunological detection of proteins and detection of protein-bound biotin was undertaken by western analysis of protein extracts (Kyhse-Andersen, 1984) . Antigen-antibody complexes and protein-bound biotin were detected with '251-protein A and '251-streptavidin (Nikolau et al., 1985) , respectively.
RESULTS
The Arabidopsis cDNA CAC7 Codes for a Biotin-Containing Protein
Biotin is covalently bound to enzymes via an amide linkage to the E-amino group of a Lys residue. This unique Lys residue is embedded in the sequence motif (Val/Ile/
Leu/Ala) (Samols et al., 1988) . The Arabidopsis partia1 cDNA clone VCVDEll codes for a peptide that contains the motif Ile-Val-Glu-Ala-Met-Lys-Leu-Met and shows sequence similarity to the BCC component of the E. coli ACCase (Li and Cronan, 1992a, 199213) . To obtain a fulllength cDNA clone we screened a cDNA library made from mRNA isolated from developing siliques of Arabidopsis.
Probing of approximately 200,000 recombinant bacteriophage from this library with the VCVDEll cDNA resulted in the isolation of four independent clones. These clones could be divided into three classes distinguishable by the length of the cDNA inserts. The longest of these, which we cal1 CACZ, was approximately 1.1 kb in length, which latter analysis showed was nearly full length.
To ascertain whether the CACZ cDNA codes for a biotincontaining protein and to identify that protein, we expressed a portion of the clone in E. coli. The 319-bp 3' end fragment of the CACl cDNA, which contains the put ,a t' ive biotinylation site, was cloned into the XkoI and NotI sites of the GST expression vector pGEX-4T-3 (Smith and Johnson, 1989) . In the resulting plasmid pGC, the CACZ sequence was in frame with the GST gene sequence (Fig. 1A) . pGC was transformed into the E. coli host XL1 Blue, and expression of the chimeric GST-CACZ gene was induced with isopropylthio-P-galactoside. Protein extracts from the host were analyzed by SDS-PAGE and western blot analysis. Coomassie brilliant blue-stained gels showed that the host containing pGC accumulates a novel polypeptide of 40 kD ( Fig. lB) , which is 14 kD larger than the GST protein detected in extracts from cultures harboring the nonrecombinant pGEX-4T-3 vector. The difference in the molecular weights between these two polypeptides is consistent with the addition of 94 amino acid residues from CACl that were fused to the 26-kD GST polypeptide. Western blot analysis with '251-streptavidin of the same protein extracts identified two prominent biotin-containing polypeptides (Fig. 1C) . The BCC component of the E. coli ACCase (the 22-kD biotin-containing polypeptide) was present in a11 extracts. The novel, prominent biotin-containing polypeptide present only in induced cells harboring pGC corresponded in size to the GST-CAC1 fusion protein. These data indicate that the expressed GST-CACl fusion protein was biotinylated in E. coli, directly demonstrating that CACZ codes for a biotin-containing polypeptide.
CAC7 Codes for the Biotin-Containing Subunit of an ACCase
The 40-kD, biotin-containing polypeptide expressed from pGC was purified by affinity chromatography with www.plantphysiol.org on July 20, 2017 -Published by Downloaded from Copyright © 1995 American Society of Plant Biologists. All rights reserved.
CCO AAT TCC CGG GTC GAC TCO ACG TCO GCG OTC GCC GCA GCA TCC pro asn ser arg val aap ser arg «er ala val ala pro pro ser Figure 1 . Expression of the Arabidopsis cDNA CAC1 in E. coli as a GST chimeric protein. The 3' end of the cDNA clone CAC1 was subcloned into pGEX-4T-3 at the 3' end of, and in frame with, the gene coding for GST. A, The resulting plasmid, pGC, contains a CST-CAC1 chimeric gene whose structure is shown schematically; the shaded sequence was derived from an intermediate cloning vector. B, Cultures of E. coli strain XL1 Blue without any introduced plasmid, or harboring pGC (two independent transformants), or harboring pGEX-4T-3 were treated with isopropylthio-/3-galactoside to induce the expression of the GST gene. Extracts of cells lysed in the presence of 2% SDS were analyzed by SDS-PAGE, and the gel was stained with Coomassie brilliant blue. C, Proteins from an identical gel were transferred to a nitrocellulose filter, and biotin-containing polypeptides were detected with 12S l-streptavidin. D, The GST-CAC1 fusion protein was purified by affinity chromatography with agarose-GST. The purified GST-CAC1 fusion protein was analyzed by SDS-PAGE, and the gel was stained with Coomassie brilliant blue. The GST-CAC1 fusion protein is indicated. The minor biotin-containing polypeptides of lower molecular mass than the GST-CAC1 fusion protein probably represent proteolytic degredation products, since their intensity increased with the age of the extract.
an agarose-GSH column. The purified protein (Fig. ID) was used to immunize a rabbit. The resulting antiserum (anti-CACl serum) was used to identify the Arabidopsis polypeptide coded by the CAC1 cDNA. Arabidopsis leaf extracts were subjected to SDS-PAGE and western blot analyses. Probing of such blots with 125 Istreptavidin identified three biotin-containing polypeptides of 240, 78, and 38 kD ( Fig. 2A, lane 1) . The 240-kD polypeptide is the subunit of the cytosolic, homomeric isozyme of ACCase (Roesler et al., 1994; Yanai et al., 1995) , and the 78-kD polypeptide is a subunit of methylcrotonylCoA carboxylase (Weaver et al., 1995) . The 38-kD biotincontaining protein probably represents a subunit of the chloroplastic, heteromeric isozyme of ACCase (Sasaki et al., 1993; Alban et al., 1994; Konishi and Sasaki, 1994 ).
The anti-CACl serum reacted solely with a 38-kD polypeptide ( Fig. 2A, lane 2) . This immunologically detectable polypeptide was shown to contain biotin, since it was specifically retained by an agarose-avidin column ( Fig. 2A,  lanes 3 and 4) .
The identity of the 38-kD biotin-containing subunit as a subunit of an ACCase was confirmed by determining the effect of the anti-CACl serum on ACCase activity in leaf extracts. In these experiments, increasing amounts of either preimmune control serum or anti-CACl serum were added to equal aliquots of an Arabidopsis leaf extract. After a 1-h incubation on ice, the aliquots were assayed for activities of the biotin enzymes that we knew to be present in the extract: ACCase and methylcrotonyl-CoA carboxylase (Fig.  2B) . Increasing amounts of preimmune serum had little effect on either of these two biotin-containing enzymes. Increasing amounts of anti-CACl serum had little effect on methylcrotonyl-CoA carboxylase activity, but this serum specifically inhibited ACCase activity. The portion of the ACCase activity that was not inhibited by anti-CACl serum (25-35%) represents the activity catalyzed by the structurally and immunologically distinct homomeric ACCase isozyme. These data indicate that the CAC1 cDNA codes for the 38-kD biotin-containing subunit of the heteromeric ACCase.
Characterization of the Gene and mRNA Coding for the Biotin-Containing Subunit of the Heteromeric ACCase
Isolated Arabidopsis DNA was digested with a variety of restriction enzymes and, following fractionation by electrophoresis, was subjected to Southern blot analysis using the CAC1 clone as a probe. In each digest a single predominant hybridizing band was detected (Fig. 3A) , which indicates that the 38-kD biotin-containing subunit of the heteromeric ACCase is probably encoded by a single nuclear gene.
The mRNA coding for the biotin-containing subunit of the heteromeric ACCase was detected on northern blots of RNA isolated from organs of Arabidopsis. These analyses revealed a single mRNA species with a length of about 1.1 kb, indicating that the CAC1 cDNA is nearly full length (Fig. 3B) . The CAC1 mRNA accumulates to higher levels in organs that would be expected to be actively synthesizing fatty acids, namely the highest level of the CAC1 mRNA was detected in expanding young leaves of 16-d-old plants (lane 1), followed by bolting shoots of 45-d-old plants (lane 3). Both of these organs would be synthesizing fatty acids for the deposition of membrane lipids needed for growth. In contrast, the CAC1 mRNA was undetectable in fully expanded leaves of 40-d-old plants (lane 2). These older leaves probably have slower rates of de novo fatty acid biosynthesis.
Amino Acid Sequence of the 38-kD Biotin-Containing Subunit of the Heteromeric ACCase
The complete amino acid sequence of the biotin-containing subunit of the heteromeric ACCase was deduced from the nucleotide sequence of the CAC1 cDNA. The first 50 nucleotides at the 5' end of the cDNA contain stop codons in all three translational reading frames. Beginning at position 56 of the nucleotide sequence is an ATG codon, which initiates the longest open reading frame present on this cDNA. This open reading frame translates into a polypeptide of 285 amino acid residues and contains the biotinylation motif Ile-Val-Glu-Ala-Met-Lys-LeuMet, which is present 41 residues upstream of the stop codon.
Beginning at about position 110, until its carboxyl end, the CAC1 sequence shows similarity to the BCC proteins of eubacterial ACCases (Fig. 4) . Upstream of this similarity the amino acid sequence of the CAC1 protein has the characteristics of a chloroplast-targeting transit peptide (Keegstra et al., 1989) , namely the initial 79 amino acids are rich in hydoxylated residues (23 Ser and Thr residues) and in small hydrophobic residues, such as Ala and Val (22 in total). Furthermore, this putative chloroplast transit peptide has an overall positive charge, because it lacks any negatively charged residues but contains 12 Arg and Lys residues. Without the direct determination of the amino acid sequence at the N terminus of the mature CAC1 protein, it is difficult to predict the junction between the transit peptide and the mature protein (Heijne, 1992) . However, a transit peptide of between 80 and 100 residues is within the range of sizes of chloroplast-targeting peptides (Keegstra et al., 1989) .
The CAC1 cDNA sequence codes for a protein that has a predicted molecular weight of 30,077. If we assume that the chloroplast transit peptide consists of the N-terminal 80 amino acids, the mature CAC1 protein would have a predicted molecular mass of about 21 kD. However, on SDS-PAGE this protein migrates with an apparent molecular mass of 38.3 ± 0.8 kD (average of four determinations). The coli (Ec-bccp) (Kondo et al., 1991; Li and Cronan, 1992a) , and S. hirsuta (Sh-bccp) (Gouill et al., 1993) , transcarboxylase from P.
freundereichii (P-tc) (Maloy et al., 1979) , residues 503 to 596 of the a-chain of oxaloacetate decarboxylase from Klebsiella (K-oaad) (Schwarz et al., 1988) , residues 636 to 702 of the a-subunit of human propionyl-COA carboxylase (H-pcc) (Lamhonwah et al., 19861, residues 11 17 to 11 78 of pyruvate carboxylase from mouse (M-pyc) (Zhang et al., 1993) , and residues 680 to 750 of the 240-kD, homomeric ACCase from Arabidopsis (At-acc) (Roesler et al., 1994) . Identical amino acids are shaded, and gaps to maximize alignments are indicated by periods.
anomaly between the predicted and observed molecular masses is analogous to that of the BCC protein of E . coli (Li and Cronan, 19924 and is probably due to the high abundance of Ala and Pro residues present in these proteins (Easom et al., 1989; Radford et al., 1989) . The deduced amino acid sequence of the CACl protein shows similarity to other biotin-containing enzymes (Fig.  4) . This similarity is centered on the sequence surrounding the Lys residue that is biotinylated. The CACl protein is most similar to the BCC components of ACCases from Anabaena (35% identical) (Gornicki et al., 19931, Pseudomonas aeruginosa (40% identical) (Best and Knauf, 1993) , E. coli (42% identical) (Li and Cronan, 19924, and Saccaropolyspora hirsuta (33% identical) (Gouill et al., 1993) . Similarity to the hoinomeric ACCases is very low. The BCC domain of the 240-kD ACCase of Arabidopsis (Roesler et al., 1994; Yanai et al., 1995) is only 18% identical in sequence with the CACl protein. (The sequences of yeast [Walid et al., 1992; Hasslacher et al., 19931, Cyclotella [Roessler and Ohlrogge, 19931, and animal [Lopez-Casillas et al., 1988; Takai et al., 19881 ACCases are even more different from CAC1.) Indeed, the CACl sequence is more homologous to other biotin-containing enzymes from prokaryotic and eukaryotic organisms than to homomeric ACCases from eukaryotes (Fig. 4) . For example, CACl is 25% identical with transcarboxylase from Propionibacterium freundereickii (Maloy et al., 1979) and 29% identical with the (Y subunit of oxaloacetate decarboxylase from Klebsiella pneumoniae (Schwarz et al., 1988) .
DI SCUSSION
We have isolated a cDNA clone coding for the 38-kD biotin-containing subunit of the chloroplastic, heteromeric ACCase of A. tkaliana. This nuclear-encoded subunit is similar in sequence to the BCC component of eubacterial ACCases. The complete subunit composition of the chloroplastic, heteromeric ACCase is as yet undefined. The CACl subunit is one of two known subunits of the chloroplastic ACCase, the other being the chloroplast-encoded accD protein (Sasaki et al., 1993) , which probably is a subunit of the carboxyltransferase component. If the chloroplastic ACCase has a quaternary structure identical with the eubacterial ACCase, the chloroplastic carboxyltransferase component may have an additional, as yet unidentified subunit (equivalent to the E . coli accA; Li and Cronan, 199213) . Furthermore, because the sequences of the subunits available to date do not appear to contain a biotin carboxylase domain, we predict that the chloroplastic ACCase contains an additional component that catalyzes the biotin carboxylase reaction.
The regulation of the chloroplastic ACCase will be affected by an interplay between both nuclear and chloroplastic genetic factors, which can be explored using the clones and antibodies for the ACCase subunits. Such characterizations should reveal how ACCase regulates de novo fatty acid biosynthesis for the biogenesis of membrane lipids and seed oils.
The research of Sasaki and co-workers (Sasaki et al., 1993; Konishi and Sasaki, 1994) and this manuscript revive two hypotheses that were originally proposed by Stumpf and colleagues (Kannangara and Stumpf, 1972; Pollard and Stumpf, 1980; Nikolau et al., 1984) . The first of these is the hypothesis that chloroplasts contain a "prokaryotic type" of ACCase that is composed of dissociable components (Kannangara and Stumpf, 1972) ; with the purification of the more stable homomeric ACCase (Egin-Biihler and Ebel, 1983; Slabas and Hellyer, 1985) , this concept of a prokaryotic type of ACCase fel1 into disfavor. The second hypothesis is that plants contain distinct isozymes of ACCase that are in separate spatial and temporal compartments for the generation of malonyl-COA needed for the biosynthesis of a variety of phytochemicals (Pollard and Stumpf, 1980; Nikolau et al., 1984) . It has now become apparent that both of these hypotheses are indeed correct.
AI1 biotin-containing enzymes, including ACCase, show a conservation in their functional domains, which is prob-Plant Physiol. Vol. 109, ' I 995 ably a consequence of their common evolutionary origin (Samols et al., 1988) . With the increasing availability of gene sequences for biotin-containing enzymes, it is becoming apparent that the genetic organization of these domains may provide tools for the understanding of both the evolution of these enzymes and information on the phylogenetic relationship of organisms. ACCase is particularly suited for such studies, since it is present in a11 organisms, and it is the only known biotin-containing enzyme that shows a range of domain organizations among, and even within, different phylogenetic groups.
The sequence similarity between the higher plant chloroplastic ACCase and the eubacterial ACCases is probably a remnant of the prokaryotic origin of the chloroplast (Margulis, 1981) . Thus, both the fatty acid synthase complex of enzymes (Stumpf, 1987) and ACCase have retained a quaternary structure and organization reminiscent of that of the prokaryotic precursor of the chloroplast. However, whereas a11 of the genes coding for the chloroplast-located enzymes of fatty acid synthase have migrated to the nucleus during the evolution of plants , the genes coding for the heteromeric ACCase are shared between two genomes: the accD gene is located on the chloroplast genome (27) , and the CACl gene is on the nuclear genome.
The plant kingdom appears to be uniquely endowed with two distinct types of ACCases that are in evolutionary flux. Not a11 chloroplast genomes contain the accD gene (Nagano et al., 1991; Sasaki et al., 1993) . It is absent from the chloroplast genomes of the Graminae: maize, wheat, and rice. Furthermore, a 38-kD biotin-containing polypeptide (the CACl homolog) is absent from leaves of maize (Nikolau et al., 1984) . Presumably, the chloroplasts of these plants lack the heteromeric ACCase. However, maize contains two types of homomeric ACCases, which can be differentiated by their sensitivity to the graminicides cyclohexanediones and aryloxyphenoxypropionates and can be physically separated (Egli et al., 1993) . One of these homomeric ACCase isozymes is located in the chloroplast, whereas the other is in a separate subcellular or cellular compartment. These two homomeric ACCases are the products of two distinct nuclear-encoded genes (Caffrey et al., 1995) . Thus, it appears that the chloroplasts of Graminae, such as maize, have lost the heteromeric ACCase during evolution and have replaced it with a homomeric ACCase.
Finally, the finding that the cytosolic, homomeric ACCases from a wide variety of eukaryotic organisms (plants, yeasts, diatoms, and animals) are similar in sequence to each other but divergent from the heteromeric ACCases of chloroplasts and eubacteria indicates that these two ACCases have distinct evolutionary origins that may predate the evolutionary appearance of the chloroplast.
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